In human cells, cytosolic citrate is a chief precursor for the synthesis of fatty acids, triacylglycerols, cholesterol and low-density lipoprotein. Cytosolic citrate further regulates the energy balance of the cell by activating the fatty-acid-synthesis pathway while downregulating both the glycolysis and fatty-acid b-oxidation pathways [1] [2] [3] [4] . The rate of fatty-acid synthesis in liver and adipose cells, the two main tissue types for such synthesis, correlates directly with the concentration of citrate in the cytosol [2] [3] [4] [5] , with the cytosolic citrate concentration partially depending on direct import across the plasma membrane through the Na 1 -dependent citrate transporter (NaCT) 6, 7 . Mutations of the homologous fly gene (Indy; I'm not dead yet) result in reduced fat storage through calorie restriction 8 . More recently, Nact (also known as Slc13a5)-knockout mice have been found to have increased hepatic mitochondrial biogenesis, higher lipid oxidation and energy expenditure, and reduced lipogenesis, which taken together protect the mice from obesity and insulin resistance 9 . To understand the transport mechanism of NaCT and INDY proteins, here we report the 3.2 Å crystal structure of a bacterial INDY homologue. One citrate molecule and one sodium ion are bound per protein, and their binding sites are defined by conserved amino acid motifs, forming the structural basis for understanding the specificity of the transporter.
Comparison of the structures of the two symmetrical halves of the transporter suggests conformational changes that propel substrate translocation.
NaCT (also known as SLC13A5) is a member of the mammalian solute carrier family 13 (SLC13), which also includes two dicarboxylate transporters (NaDC1 and NaDC3; also known as SLC13A2 and SLC13A3, respectively) ( Supplementary Figs 1-3 ) 10, 11 . Although these three plasma membrane proteins transport both tricarboxylates such as citrate and dicarboxylates such as succinate, malate and fumarate, they also have distinct substrate specificity [12] [13] [14] [15] [16] [17] . Whereas NaCT transports primarily citrate, NaDC1 and NaDC3 have a higher affinity for succinate, with NaDC3 being the high-affinity transporter. Intriguingly, the SLC13 family also contains two additional highly homologous proteins, NaS1 and NaS2 (also known as SLC13A1 and SLC13A4, respectively) ( Supplementary Figs 2 and 3) , which transport sulphate instead of carboxylates 10, 11 . Transport by SLC13 proteins is Na 1 driven, with one substrate molecule being co-transported together with three or four Na 1 ions per cycle 11 . Along with the homologous fly protein INDY, the mammalian SLC13 proteins belong to the divalent anion/Na 1 symporter (DASS) family, which also contains numerous bacterial members ( Supplementary Figs 2 and 3 ) 11, 18 . Several of these bacterial DASS proteins have been shown to catalyse Na 1 -coupled dicarboxylate uptake, with two Na 1 ions being co-transported with one substrate molecule [19] [20] [21] [22] . In turn, the DASS family belongs to the ion transporter superfamily 18 , which comprises 16 transporter families, with over 32,000 members identified thus far.
To understand the transport mechanism of INDY proteins, we functionally characterized the INDY homologue from Vibrio cholerae (VcINDY). VcINDY consists of 462 amino acids and shares 26-33% sequence identity with the three human SLC13 transporters (Supplementary Fig. 3 ). We first tried to verify whether VcINDY was a Na 1 -driven carboxylate transporter and to identify its substrate. In Escherichia coli whole cells transformed with the V. cholerae gene 13, 22 , VcINDY catalysed the uptake of succinate (Fig. 1a) . The transport was driven by a Na 1 gradient, but K 1 had no effect. Interestingly, a Li 1 gradient also drove transport, although at a slightly slower rate. The uptake reached saturation within 3 min, similar to what had been observed for its homologues 10, 11 . The transport of succinate by VcINDY could be inhibited by malate and fumarate, slightly inhibited by glutamate, but not inhibited by sulphate (Fig. 1b) . This suggests that malate and fumarate, two other dicarboxylates, are also substrates of VcINDY, as observed in other mammalian and bacterial INDY homologues 10, 11 . Citrate also slightly inhibited succinate transport by VcINDY, presumably in a competitive manner. VcINDY is found to be a dimer in detergent, as judged by sizeexclusion chromatography ( Supplementary Fig. 4 ). Although its dimeric state was unaffected by the presence of Na 1 , dicarboxylate or citrate, its peak height at increased temperatures depended on the presence of carboxylate ( Supplementary Fig. 5 ). Although succinate or malate stabilized the protein modestly, the presence of citrate markedly improved the thermostability of the protein, indicating a specific interaction between VcINDY and citrate.
We then crystallized VcINDY in the presence of citrate, Na 1 and Li
1
, and the crystals diffracted X-rays to 3.2 Å resolution. The crystal structure was determined using single-wavelength anomalous diffraction from data merged from four separate selenomethionyl data sets (Supplementary Fig. 6 and Supplementary Tables 1 and 2) 23 . In the crystal structure, the VcINDY protein formed a dimer, which has the shape of the letter 'M' when viewed from within the membrane plane, with a concave aqueous basin (Fig. 1c, d and Supplementary Figs 7 and  8 ). Each protein protomer comprises 11 transmembrane a-helices, termed TM1-11 (Fig. 2a) . As the amino and carboxy terminals of INDY proteins from other species have been shown to be in the cytosol and the extracellular space, respectively 24 , the extramembraneous extrusions of the protein and the concave aqueous basin are inferred to be the cytosolic side. The interface between the two protein protomers is formed by TM3, TM4a and TM9b, interacting with TM4b, TM8 and TM9a of the neighbouring protomer ( Fig. 1d and Supplementary Fig. 7) . The interface between the two protomers has an area of ,2,500 Å 2 , a large interface area in agreement with the observed stable protein dimer in detergent solution ( Supplementary  Fig. 4 ).
Among the 11 transmembrane a-helices, TM4, TM5, TM9 and TM10 are each broken into two segments within the membrane, and each pair is named 'a' and 'b', respectively ( Fig. 2a and Supplementary Fig. 8 ). The loops between TM5a and TM5b (L5ab), and between TM10a and TM10b (L10ab) are each eight amino acids long. In addition, VcINDY also contains several other secondary structure elements. A helical hairpin (HP in ) inserts into the membrane from the cytosolic side, which is connected to TM4 through helix H4c on the membrane surface and by a loop to TM5. Similarly, on the opposite side of the membrane, a helical hairpin (HP out ) inserts into the protein from the periplasm and connects to TM9 through helix H9c. Such helical hairpins and intramembrane loops within a broken helix are often found to have a chief mechanistic role in membrane transport proteins [25] [26] [27] [28] . -driven succinate transport by VcINDY measured in whole cells 13, 22 . The succinate uptake was measured in VcINDY-transformed E. coli in buffers that contained 5 mM [ c, Crystal structure of the VcINDY dimer at 3.2 Å resolution viewed from within the membrane. A citrate molecule and a Na 1 ion are adjacently bound to each VcINDY protomer at the cytosolic basin of the protein dimer. d, Crystal structure of the VcINDY dimer viewed from the cytosol. The bound citrate is exposed to the cytosolic space whereas the Na 1 ion is buried. In c and d, the polypeptide in one protomer is coloured using the standard rainbow scheme. c.p.m., counts per minute. WT, wild type. of VcINDY. The two halves of the protein, TM2-6 and TM7-11, are related by a repeat in amino acid sequence, resulting in a transmembrane topology that displays an inverted two-fold symmetry. b, The N-and C-terminal halves of the protomer each form a hand-shaped structure, and the two hands are related by an inverted two-fold symmetry. TM2 and TM3 form the thumb, and the helical bundle of TM4b-TM6 takes the shape of the palm in the N-terminal half; in the C-terminal half, the thumb is formed by TM7 and TM8 and the palm by TM9a-TM11. Note the linker helix between the palm and the thumb in the N-terminal half is at a larger angle from the membrane plane than that of the linker in the C-terminal hand, giving the former a V-shape and the latter a U-shape. The structures of two helical bundles, the palms, are similar and their superposition yields a root mean squared deviation of 2.9 Å for backbone Ca atoms. The N-and C-terminal halves of the protein are coloured green and purple, respectively.
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The N-and C-terminal halves of VcINDY share a 26.2% identity in amino acid sequence. Closer inspection of its crystal structure reveals that the protein consists of a two-fold repeat (Fig. 2) . The N-terminal half of the protein, TM2-TM6, is related to the C-terminal half, TM7-TM11, by an inverted, two-fold symmetry, with the symmetry axis parallel to the membrane plane and the two halves of the protein inserted into the membrane from opposite directions. Each half of the protein has the shape of a hand (Fig. 2b) . For the N-terminal half, TM2 and TM3 form a thumb, and the palm is formed by a five-helix bundle that consists of TM4b, TM5 and TM6 as well as the helical hairpin HP in . The thumb and the palm are connected by TM4a, which is at a 45u angle from the membrane plane, yielding a 'V'-shaped hand. The entire N-terminal hand inserts into the membrane from the periplasmic side. Related by the inverted two-fold symmetry, the C-terminal hand-its thumb formed by TM7 and TM8 and its palm formed by TM9b, HP out , TM10 and TM11-inserts from the cytosolic side. The helix that connects the thumb and the palm, TM9a, occurs at an angle to the membrane plane of about 25u. Thus, the angle between the thumb and palm in the C-terminal hand has the shape of a letter 'U'. When superimposed by their thumbs, the two helical bundles are at different heights in the membrane (Supplementary Figs 9 and 10). As expected from the crystallization conditions containing Na 1 and citrate, we identified a citrate molecule and one Na 1 ion bound to each of the transporter protomers in the structure (Fig. 1c, d and Supplementary Fig. 8 ). The citrate molecule and Na 1 ion are located near to each other in a cleft at the inner end of the dimer basin, directly exposed to the cytosolic space (Fig. 3a) . It follows that the crystal structure of VcINDY represents an inward-facing conformation.
The transport of substrates into the cell by VcINDY is driven by the inward sodium gradient (Fig. 1a) . In the VcINDY protomer, a Na 1 ion sits in a clamshell formed by the HP in tip and the L5ab loop, and is separated from the cytosolic space by the bound citrate molecule ( Fig. 3a and Supplementary Fig. 11 ). We named this structural element the 'hairpin tip-capping loop motif' for sodium binding. The Na 1 ion interacts directly with both the amino acid side chains and backbone carbonyl oxygen atoms of these residues (Fig. 3b) . Specifically, the Na 1 ion is coordinated by the Ser 146 side chain, its backbone oxygen, the Ser 150 backbone oxygen and the Asn 151 side chain, all from HP in , and by the backbone oxygen of Gly 199 from L5ab ( Fig. 3b and Supplementary Table 3 ). When Ser 146 was mutated into an alanine or a leucine, the transport rate of VcINDY decreased markedly ( Fig. 3c and Supplementary Fig. 12 ), supporting the critical role of this residue in the coordination of the Na 1 ion. We named this Na 1 ion 'Na1'. For bacterial INDY proteins, biochemical experiments have shown that, typically, two Na 1 ions are co-transported with one substrate molecule 19, 20, 22 . In the VcINDY structure, there is a second hairpin tip-capping loop motif, located in the C-terminal half of the protein that is related to the N-terminal site by inverted two-fold symmetry (Fig. 3a) . This motif comprises the HP out tip and loop L10ab (Fig. 2a) . Both the amino acid sequences for the two motifs and the HP in and HP out segments are highly conserved among various INDY proteins ( Supplementary Fig. 3 ). We therefore proposed that the hairpin tipcapping loop motif in the C-terminal half of VcINDY forms the second Na 1 -binding site (Fig. 3a) . However, no electron density for a Na 1 ion is observed at this region. There are two possible explanations. One is that this 'Na2' site is occupied by a Li 1 ion, which is too light to visualize at the current resolution. Another possibility, which we favour, is that the Na2 ion has already been released. As this site is directly exposed to the cytosolic space, it is logical to be the first Na 1 ion to escape before release of the substrate molecule itself. This is further supported by the observation that the distance between the HP out tip and loop L10ab in the empty Na2 clamshell is larger than that of the occupied Na1 clamshell (Supplementary Fig. 13) , indicating an open structure after Na 1 release. Interestingly, when the equivalent glutamate residue of VcINDY Glu 374 at the HP out tip in the Na2 clamshell was mutated in the mammalian NaDC1 (Glu 475), the Michaelis constant (K m ) for substrate transport increased markedly 14 , in agreement with a Na 1 site being at this location. Finally, in the L10ab loop, the equivalent residue of VcINDY-Cys 413 in human NaCT, Phe 500, has been shown to be essential for Li 1 binding and its stimulation of citrate transport 29 . As the Na1 ion is buried and inaccessible to the cytoplasmic space until the bound substrate is released, the Na1 and the tentative Na2 ions are mechanistically non-equivalent.
Between the Na1 and Na2 sites, a citrate molecule is found to bind in the middle of the VcINDY protomer (Fig. 4 and Supplementary Fig.  14) . This binding pocket displays a strong positive electrostatic surface potential (Fig. 4a) . It is formed by residues from HP in , TM5, HP out and TM10. Just like the two-fold symmetry of the citrate molecule, the binding pocket is also symmetrical. The 5-carboxyl group of citrate points to Ser 150, Asn 151 and Thr 152 from HP in , whereas the 1-carboxyl group directly interacts with an inverted triangle formed by Ser 377, Asn 378 and Thr 379 from HP out (Fig. 4b) . The cytosolic and periplasmic sides of the binding pocket are formed by Thr 421 and Pro 422 from L10ab, and by Pro 201 and Ser 202 from L5ab, respectively. Additional interaction to the citrate is mediated through hydrogen bonding with the side chains of Ser 150, Thr 379 and Thr 421.
As citrate inhibits the transport of succinate (Fig. 1b) , it is reasonable to assume that the observed citrate-binding pocket in VcINDY (Fig. 4 -binding site (Na2), is suggested to be located between the tip of HP out and the L10ab loop formed by the C-terminal hairpin tip-capping loop motif. However, no electron density for Na 1 was found at this site in the crystal structure. In the current inward-facing transporter structure, the Na2 site is directly exposed to the cytosolic space. b, Coordination of the Na 1 ion at the Na1 site. Both side chains of amino acid residues and backbone carboxyl oxygen atoms are involved in the Na 1 coordination. c, Succinate transport activity of Na1-site mutants (n 5 3).
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is also the binding site for dicarboxylate substrates and that a substrate molecule binds to the transporter in a similar manner. In fact, when either Asn 151 or Asn 378 was mutated to an alanine, the affinity of VcINDY to succinate was found to be markedly reduced and the transport rate decreased (Fig. 4c, d and Supplementary Fig. 12 ). Just like the amino acid sequence conservation for the Na 1 -binding motifs, the Ser-Asn-Thr (SNT) motif in the N-terminal half is highly conserved among INDY proteins of various species, from bacteria to human, whereas the C-terminal motif allows for variation between a threonine and a valine only in the third position (Fig. 4c) . Therefore, these two SNT motifs can be regarded as the signature sequences of Na 1 -dependent tri-and dicarboxylate transporters in the DASS family. In agreement with this notion, it was previously observed that when the serine and asparagine residues in the C-terminal SNT motif were mutated into a cysteine in the rabbit NaDC1 protein, the transport rate for succinate dropped to 25% and 0% of the wild type, respectively 16 . Alternatively, when the equivalent of VcINDY-Pro 422 or Pro 423 in rabbit NaDC1 was mutated into a glycine or alanine 17 , the protein still transported succinate, further supporting that the determinant for substrate specificity is primarily mediated through 1,5-carboxyl groups of the substrate to the two SNT motifs of the protein. The highly positively charged nature of the substrate-binding site explains why dicarboxylates such as glutamate, which has an HN 1 group, are not a substrate for mammalian SLC13 proteins 12 . Finally, the substrate-binding pocket in the structure also explains the substrate preference between carboxylate and sulphate transporters among SLC13 proteins (Fig. 4c, Supplementary Fig. 15 and Supplementary Discussion) 10, 11 . Although the bound Na1 ion does not directly coordinate the substrate molecule as in some other transporters 26 , the substrate-binding site shares residues with both the Na1-and the putative Na2-binding sites (Fig. 3a) . Although the side chain of Ser 150 forms a hydrogen bond with the 5-carboxyl group of the citrate, its backbone carbonyl oxygen atom participates in the coordination of the Na1 ion. Similarly, the side chain of Asn 151 binds to citrate on one side and coordinates Na1 on its opposite side. Such close proximity and, especially, the residue-sharing nature of the substrate-and the Na 1 -binding sites immediately suggests an ion-coupling mechanism of substrate transport. As previous biochemical experiments have shown that Na 1 ions bind to INDY proteins before a substrate can bind 13, 15, 19, 20, 22 , it follows that the binding of Na 1 ions creates an optimal binding site for the substrate through an induced-fit mechanism. Our mechanism is supported by previous studies on the single-nucleotide polymorphism of human NaDC1 (ref. 30). The change of Val 477, at the third position of the C-terminal SNT motif, to a methionine markedly lowers affinity to Na 1 and simultaneously abolishes succinate transport. The core of the VcINDY protomer structure formed by the two helical bundles (the palms) resembles that of the recently determined concentrative nucleoside transporter, CNT 28 , which has no detectable homology with VcINDY and is not a member of the ion transport superfamily 18 . The palms of the VcINDY protein, TM4-TM6 and TM9-TM11, are equivalent to H3-H5 and H6-H8 in CNT, respectively ( Supplementary Fig. 16 ). The substrate-binding sites in the two transporters are also located at approximately the same position. With only one clamshell Na 1 -binding motif, CNT has one Na 1 ion bound, which is located at the equivalent site of the VcINDY Na1. As VcINDY is a dimer and CNT a trimer, the scaffoldings and the manners of expected conformational changes in the two transporters are different (Supplementary Discussion).
Our crystal structure also suggests a model for conformational changes needed in VcINDY to propel substrate across the membrane ( Supplementary Fig. 17 and Supplementary Discussion). In the outward-facing (C o ) state, the two halves of a protomer adopt an N(U-shaped)-C(V-shaped) conformation. In response to Na 1 and T152 T152   S377 S377   N378 N378   T379 T379   T421 T421   P423 P423   S200 S200  P202 P202   P422 P422   P201 P201   S150   N151   T152   S377   N378   T379   T421   P423   S200  P202   P422   P201   [ LETTER RESEARCH substrate binding, it converts to an N(V-shaped)-C(U-shaped) conformation as observed in our crystal structure (Fig. 2) , followed by Na 1 and substrate release to the cytosol. Such a transport mechanism, along with the structural basis of substrate and ion specificity and ion coupling to substrate transport, provides a direct framework for understanding its mammalian counterpart 10, 11 . As the human NaCT protein may be a particularly attractive drug target for obesity, diabetes and cardiovascular diseases, the identification of the substrate-binding motifs may aid in the development of such agents.
METHODS SUMMARY
The transporter protein from V. cholerae (AAF95939; VcINDY) was overexpressed in E. coli BL21-AI cells using a modified pET vector. The protein was purified in N-decyl-b-maltoside on a cobalt affinity column, followed by preparative size-exclusion chromatography in buffer containing 50 mM Tris, pH 7.5, 100 mM NaCl, 50 mM lithium citrate, 5% glycerol and 0.15% N-decyl-b-maltoside. Transport activity of VcINDY at 25 uC was characterized using a whole-cell assay of [ 14 C]succinate uptake 13, 22 . E. coli BL21 p-Lys cells transformed with the gene coding for VcINDY were grown to D 660 nm 0.7 and collected. Transport was initiated by mixing the cell suspension with concentrated assay buffer to yield a final concentration of 5 mM NaCl, 95 mM Tris, pH 7.5, and 5 mM [ 14 C]succinate. Aliquots were taken at various time points and the transport reaction was terminated by collecting the cells on nitrocellulose filters, followed by measuring the radioactivity with a liquid scintillation counter. For the competition assay, the final buffer also included 1 mM of the test compound. For the activity measurements of mutants, their expression levels in E. coli cells were verified by western blot. Crystals of VcINDY were grown at 18 uC using hanging-drop vapour diffusion by mixing sizing column-purified samples with 29% (v/v) polyethylene glycol 1000, 50 mM lithium citrate and 50 mM MOPS, pH 6.5. For structure determination, anomalous diffraction data were collected from seleno-L-methionine (SeMet) crystals at a wavelength of 0.9792 Å . Initial phases were obtained through a multicrystal SeMet single-wavelength anomalous dispersion method 23 , using data merged from four crystals. Structure models were built and the final one was refined to 3.2 Å resolution. Supplementary Information is available in the online version of the paper.
